We report on a theoretical study of electromagnetic (ME) properties of zigzag magnesium oxides nanoribbons (Z-MgONRs). We propose that the polar charges and the spin polarization are the two key factors for edge magnetism. Based on first-principle calculations, we demonstrate that both O-and Mg-edges are magnetic and their magnetic moments all can be efficiently modulated via external electric field. And the edge magnetism is further studied in the framework of effective tight-binding model, which provides a starting point for the calculation of one particle Green's function and the determination of exchange interactions. Utilizing the linear response model, we find that Z-MgONRs exhibit two kinds of exchange interaction with extremely different natures.
Introduction
The realization of magnetism in two-dimensional (2D) systems is amongst the most topical issues in nowadays. Due to the high boundary-bulk ratio in 2D system, the intrinsic magnetism may be dominated by the boundary states which are sensitive to external stimulus [1] [2] [3] [4] [5] [6] [7] [8] [9] . Such properties pave a new way to efficiently control the magnetism, which is highly desired for the ever-growing technical demanding [10] [11] [12] [13] .
The discovering of room temperature ferromagnetic zigzag graphene nanoribbons (ZGNRs) suggests one possible way to induce 2D magnetism through edge effects [14] .
By doping, edge-decoration and applying external electric field, the magnetism in ZGNRs can be efficiently modulated and even half metallic states can be realized [15] [16] [17] [18] [19] [20] [21] .
To date, the edge engineering has become one of the most promising ways to induce and modulate magnetism in 2D systems such as MoS 2 , hexagonal BN, ZnO and so on [22] [23] [24] [25] [26] [27] .
MgO is a famous simple oxide with rock salt structure in bulk phase. The 2D MgO with both polar (111) and nonpolar (001) orientations have been successfully growth on various substrates in experiments [28] [29] [30] [31] [32] [33] [34] . Particularly, the polar orientation i.e. MgO(111) present sharp interests due to its peculiarities and exotic electronic, magnetic and optical properties [35] [36] [37] [38] [39] [40] [41] [42] [43] . Both theoretical and experimental researches suggest that the 2D MgO(111) possesses a graphene-like planar honeycomb structure, thus eliminates the out-plane polarity and structural instability. Similar to other 2D systems with binary components, the non-centrosymmetric structure and the ionic nature lead to an intrinsic bulk polarization P along the Mg-O bond direction. This nontrivial polar effect is a remarkable property that enables polar charges in zigzag edges, forming quasi onedimensional electron gas (1DEG) and the high density of edge states at Fermi level. This further gives rise to the exchange splitting according to Stoner criteria [38] . Therefore, it is promising to induce magnetism into 2D MgO(111) via zigzag edge effects.
Nevertheless, the study on the magnetic structure of Z-MgONRs is still on its infancy.
Former researches are focused on the existence and stability of edge magnetism, the mechanism of exchange interactions has not been well established. In addition, no research has surveyed how the edge magnetism responds to external stimulus especially external electric field, which is essential for a wide range of future applications. Hence, further effort is required to obtain a deeper understanding and better controlling of the edge magnetism in Z-MgONRs.
In this work, we report a comprehensive study on the edge magnetism in Z-MgONRs.
There are two primary aims of this study: to investigate the ME effects and to ascertain the magnetic coupling mechanism. Firstly, we propose that the polar charges driven by the nontrivial bulk polarization P and the spin polarization edge states are the two key factors for ground-state magnetism M. Based on extensive density functional theory (DFT) calculations, we show that both O-and Mg-edge are magnetic but with different natures. O-edge is thoroughly spin polarized and the M is simply proportional to external transverse electric field E. However, Mg-edge is partially spin-polarized and the M is reduced by applied E. Secondly, by representing the electronic states in terms of tractable tight-binding model and utilizing single-particle Green's function, we find that the magnetism in O-edge has a ferromagnetic order with short range exchange interactions, while the exchange interactions in Mg-edge are long range and show oscillatory characters which are similar to the RKKY mechanism. It is a significant result that the ZMgONRs simultaneously support two kinds of exchange mechanism with extremely different natures. Furthermore, we demonstrate that the exchange interactions are also amenable to external E, giving rise to the electrical modulations in SDW spectra.
Furthermore, we perform a series of Monte Carlo simulations and verify that the Curie temperature in O-edge can be sufficiently modulated via E, too. These findings enhance our knowledge of edge-magnetism in Z-MgONRs and shed light on the realization of ME couplings and will expand the future application of MgO.
Methods
We performed DFT calculations using VASP code package [44, 45] . The exchange and correlation of electrons are described utilizing Perdew-Burke-Ernzerhof form of generalized gradient approximation, and the projected-augmented-wave pseudo-potential is used for the description of core and valence electrons. The kinetic energy of planewave expansion is < 400 eV. A 12×1×1 k-points grid using Monkhorst-Pack method is used for sampling Brillouin zone. And The energy tolerance for the self-consistent calculations is set to 10relax until the maximal force on each atom <10 -2 eV/Å. At least 15 Å vacuum spaces were involved in each non-periodic direction for the elimination of ribbon-ribbon interactions. Wolff algorithm is used in Monte Carlo simulations, showing excellent efficiency in the near-transition region. And we use 1000 unit cells with periodic condition for the simulation. And more than 10 6 sweeps are used for statistics [46] .
Results and discussion
Modulations of magnetic moment
The properties of Z-MgONRs are deeply inherited from their parent system: 2D
MgO(111) who owns a hexagonal lattice composing of two distinct 2D sublattices of Mg and O atoms respectively. These two unequal sub-lattices leads to an overall point group of C 3v and leads to the bulk polarization [47, 48] . The computation of this polarization is straightforward once we represent the electronic structure with the basis of maximally localized Wannier functions (MLWF) [49] :
here, is the valence state of the ith ion, is the position of the nucleus, 〈 〉 represents the charge center of MLWFs, and is unit cell (u.c.) area, and can be any Bravaislattice vector since the formal polarization is a lattice of vectors rather than a single vector, according to the modern theory of polarizations [50] [51] [52] [53] . In the case of MgO(111), due to the particularly ionic nature, the contribution of oxygen ion core can be simply incorporated with eight valence, forming a Wannier anion [53] . And we can only consider the contribution of magnesium ion and Wannier anion, since the C 3v symmetry eliminates the dipole of Wannier anion. Hence, the charge number of our Wannier anion is -2 and
, and the total polarization of appropriate bulk cell can be easily calculated according to eq. 1:
̂ here ̂ is a unit vector parallel to the armchair direction and we have set as a specific representative element of polarization defined in eq. 1. Therefore, the polarization points the armchair direction, in agreement with the imposed C 3v symmetry restriction [54, 55] . ̂ where denotes the quantity of polar charges and denotes the length of boundary, in ZMgONRs case, is simply equal to the lattice constant a, ̂ is the unit vector orthogonal to the edge pointing to the vacuum, is the difference of polarization across the edge.
The polarization of vacuum can be treated as zero, thus is identical to defined in eq. However, it must be noted that the correctness of eq. 3 is based on the hypothesis that the polar charges would thoroughly eliminate the intrinsic electric field. In fact, polar catastrophe only emerges in infinite large systems. Our Z-MgONRs with finite size always sustains a bit of residual polarizations. Hence, | | is always smaller than the maximum value of . In addition, not all of the polar charges are strictly localized in the outer most ions, too. Given all these above, even in the O-edge with complete spinpolarization edge states, the local magnetic moment is still below , as shown in Fig. 
1(b).
A transverse electric field will give rise to extra polar charges due to the dielectric effect:
here, is the permittivity of Z-MgONRs and we assume that it does not rely on E. As shown in Fig. 1(c) , the defined positive direction of E is opposite to P. Therefore, the polar charges are drained linearly with the magnitude of electric field. Since all the polar charges in O-edge contribute to the magnetism, the magnetic moment of O-edge is also reducing linearly as the electric field increases. In terms of DOS evolution which is given in Fig. 1(d) , the applied electric field generates an extra electrostatic potential to edge states, and lowers the energy level of O-edge, thus the hole-filling in O 2 peak is reduced and the magnetic moment is weakened.
On the other hand, the evolution of magnetic moment of Mg-edge is thoroughly different, as one can see in Fig. 1(d) . In this case, albeit the polar charges are still reduced by E, the spin-polarization is enhanced. The competition of these two factors leads to a more complex behavior. The DOS diagram shown in Fig. 1(d) reveals that the Fermi level crosses the Mg 1 peak which negatively contributes to the magnetic moment. The electron-filling of Mg 1 peak decreases rapidly as the extra electrostatic potential pulls the state of Mg-edge to the higher energy region. Hence, crudely speaking, the magnetic moment of Mg-edge is enhanced by E.
Magnetic coupling mechanism
Within the formalism of DFT based on periodic boundary conditions, we can hardly determine the ground-state magnetic structure specially the long range magnetic order, since such a long range property needs to be computed using very large supercell, which is too expensive for DFT calculations. Alternatively, we study the magnetic properties on The most straightforward way to verify the efficiency of our TB Hamiltonian is to check the dispersion law. Utilizing standard lattice Fourier transformations to the real-space
Hamiltonian defined in eq. 1, we can get the reciprocal Hamiltonian and solve its eigenvalues. In Fig. 2 , we compare the band spectra calculated by DFT and our TB model, and one can see the effective TB model excellently describes the electronic states for the cases with or without biased-voltage, at least in the energy range of around Fermi level which domains the magnetic properties. Fig. 2 In Fig. 3 , we show the calculated Heisenberg exchange parameters. Note, the on-site exchange is defined as the summation of all exchange interactions: There are dominating 1NN FM and comparable 2NN AFM coupling interactions, followed by decreasing magnitude and oscillatory signs for more distant interactions.
This is similar to the RKKY interactions, which can be approximately expressed as [60] :
here is the phase factor, and respectively denote the Fermi wavevectors for spinup and down bands, i.e. the Mg 2 and Mg 1 bands marked in Fig. 2(c) . This feature is not difficult to understand. As we discussed before, there are large portion of polar charges do not contribute to the local magnetic moment in Mg-edge but forming itinerant 1DEG.
They spread between the local moments and transmit the exchange interactions, leading to the oscillatory nature. The significance is simply enormous since we have found that the Z-MgONRs support the existence of two kind of the magnetism with very distinct features. More detailed features of exchange interactions and the exotic spin-dynamics in ZMgONRs can be revealed in terms of spin-density-wave (SDW) spectra. According to eq.
6, the dispersion law of SDW can be expressed through the reciprocal exchange parameter :
where M is the magnitude of local magnetic moment, reciprocal is related to its realspace version via lattice Fourier transformation: ∑ , here is the lattice constant of Z-MgONRs.
As can be seen in middle part of Fig. 4 , there is no negative energy in the SDW spectra of O-edge, indicating that the FM order in O-edge is kinetically stable. As for Mg-edge, however, there are negative-energy troughs in the spectra. Apparently, these troughs are caused by the AFM exchange parameters J(2) and reveal that the long ranged AFM states are more energetically favored, while the FM order is just meta-stable in 0K. Once the temperature is beyond 0K with any infinitesimal magnitude, the magnetism in Mg-edge would spontaneously and irreversibly evolves to the AFM order as time elapsed. Strictly speaking, mean-field solution thoroughly neglects collective excitations which are the essential features for magnetic disorder at low temperature. Therefore, the Curie point would be drastically overestimated. For the sake to bring our study into a more accuracy level, we alternatively employ a series of Monte Carlo simulations to investigate the magnetic behaviors and electrical modulations in finite temperature. We assume strong magnetic anisotropy so that eq. 6 reduced to Ising model and we consider the magnetic coupling up to 3NN. When a FM system with infinite scale reaches Curie temperature, its susceptibility diverges. For our model with finite scale, the susceptibility will not diverge really, and we approximately regard the temperature which corresponds to the maximum of susceptibility as Tc, marking as black dot in Fig. 5(b) . Along with the biased voltage increasing from -4V to 4V, Tc also increases from ~18K to ~23K, with about thirty percent enhancement. Fig. 5(a) shows the electrical modulation of magnetic moment near Tc. When the biased voltage positively increases, the ground-state magnetic moment will decrease as discussed before. On the other hand, the biased voltage also magnifies Tc thus suppresses thermal excitations. These two factors complete and finally lead to the magnetic moment increase first, following by a decreasing process, along with the increasing of positively biased voltage. 
Modulations of exchange interactions

Conclusions
In summary, we have examined the magnetism and ME coupling mechanism in Z- 
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